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Case Study: Model to Simulate Regional
Flow in South Florida

A. M. Wasantha Lal1; Randy Van Zee2; and Mark Belnap3

Abstract: South Florida has a complex regional hydrologic system that consists of thousands of miles of networked canals
highly pervious aquifers, open areas subjected to overland flow and sheet flow, agricultural areas and rapidly growing urban
region faces equally complex problems related to water supply, flood control, and water quality management. Advanced com
methods and super fast computers alone have limited success in solving modern day problems such as these because the c
model the complexity of the hydrologic system, while maintaining computational efficiency and acceptable levels of numerical
new, physically based hydrologic model for South Florida called the regional simulation model~RSM! is presented here. The RSM
based on object oriented design methods, advanced computational techniques, extensible markup language, and geographi
system. The RSM uses a finite volume method to simulate two-dimensional~2D! surface and groundwater flow. It is capable of work
with unstructured triangular and rectangular mesh discretizations. The discretized control volumes for 2D flow, canal flow and
are treated as abstract “water bodies” that are connected by abstract “water movers.” The numerical procedure is designed t
these and many other abstractions. An object oriented code design is used to provide robust and highly extensible software a
A weighted implicit numerical method is used to keep the model fully integrated and stable. A limited error analysis was carrie
the results were compared with analytical error estimates. The paper describes an application of the model to the L-8 bas
Florida and the strength of this approach in developing models over complex areas.

DOI: 10.1061/~ASCE!0733-9429~2005!131:4~247!

CE Database subject headings: Hydrologic models; Florida; Simulation models; Error analysis; Water resources managem.
lex-
ace–
flow
urban
char-

areas
very

an-
even

hods,
iron-
ded t
code
of

code
ew

me of

lop-
nted
lan-

n
us to
not

e past

been
hy-

sses
pro-

logy,
ncies
ted a

egrate
n one
plex

, OO
odel

nts of

lop-
es of
-
s be-

tems
Gun

tems
Gun

, UT

ssions
te by
ging
pos-
This
,

Introduction

South Florida is a very complex hydrologic system. Its comp
ity is mainly due to the considerable groundwater and surf
water interaction, spatial variability in land use, hundreds of
control structures, extensive wetlands systems, adjacent
areas, influence of Lake Okeechobee, and the unique flow
acteristics of the Everglades and the water conservation
Even if the computing power is continuously increasing e
year, the complexity of the hydrologic system and the water m
agement issues in South Florida have been increasing at an
faster rate. Consequently, more efficient computational met
more flexible computer codes, better code development env
ments, and better code maintenance procedures are nee
keep pace with these growing demands. The need for clean
design, participation by multiple developers from a variety

1Lead Engineer and Supervising Engineer, Hydrologic Sys
Modeling, South Florida Water Management District, 3301
Club Rd., West Palm Beach, FL 33406.

2Lead Engineer and Supervising Engineer, Hydrologic Sys
Modeling, South Florida Water Management District, 3301
Club Rd., West Palm Beach, FL 33406.

3Senior Engineer, NTT/Verio, 1203 North Research Way, Orem
84097; formerly, Hydrologic Systems Modeling.

Note. Discussion open until September 1, 2005. Separate discu
must be submitted for individual papers. To extend the closing da
one month, a written request must be filed with the ASCE Mana
Editor. The manuscript for this paper was submitted for review and
sible publication on April 29, 2003; approved on August 31, 2004.
paper is part of theJournal of Hydraulic Engineering, Vol. 131, No. 4

April 1, 2005. ©ASCE, ISSN 0733-9429/2005/4-247–258/$25.00.
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disciplines, and regular use of test cases to routinely check
integrity has become critical. Application of a number of n
technologies described below has contributed to resolve so
these problems.

The first technological contribution came from recent deve
ments in information technology and the use of object orie
~OO! code design methods. The use of extensible markup
guage~XML ! ~Bosak and Bray 1999!, geographic informatio
system~GIS! technology, and database support has allowed
achieve a level of code flexibility and data integration that did
exist before. Object oriented methods have been used in th
for hydraulic model design by Solomontine~1996!, Tisdale
~1996!, and many others. Although OO design may have
previously considered to be outside the expertise of many
drologists, the increased complexity of the hydrologic proce
involved, and the need to incorporate methods developed by
fessionals from many disciplines such as biology, hydrogeo
and ecology have changed this view. The strong depende
between hydrology, nutrient transport, and ecology have crea
need to integrate various approaches and therefore to int
computer codes. Simple models that address issues withi
discipline at a time have become inadequate for studying com
systems. However, the improved use of GIS support tools
code design, and XML language have made it possible to m
complex systems, and organize and present large amou
complex data.

The second technological contribution came from deve
ments in computational methods. Use of unstructured mesh
variable size to simulate two-dimensional~2D! integrated over
land and groundwater flow in irregular shaped domains ha

come common. Full and partial integration with canal networks
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and lakes is now possible. In the past 2 decades, a numb
physically based, distributed-parameter models have em
with such features. The early models includeMODBRANCHby
Swain and Wexler~1996!, MODNET by Walton et al.~1999!,
Mike SHEbased on Abbott et al.~1986a,b!, WASH123by Yeh et
al. ~1998!, MODFLOW-HMS by HydroGeoLogic ~2000!, and
models by VanderKwaak~1999!, Schmidt and Roig~1997!, and
Lal ~1998!. The computational engines of these models are b
on solving a form of the shallow water equation for surface
and either the variably saturated Richards’ equation or the
saturated groundwater flow equation. Inertia terms in the sha
water equations were neglected, and the solution to the gove
equations was obtained using a single global matrix. A numb
features are available in these models to simulate struc
urban areas, and agricultural areas. The choice of feature
pends on the intended application of the model.

Some developments in numerical error analysis by Hi
~1989! and Lal ~2000! also helped in the selection of optim
discretizations for integrated models. Results of error analys
useful in developing model meshes that produce more acc
solutions and avoid large errors and incipient instabilities. La
scale integration using implicit methods is practically imposs
without understanding numerical error and instability. Becaus
unconditional stability, implicit models can be run with pra
cally any time step regardless of whether the solution is acc
or not.

The third contribution came from a new generation of c
puter packages that can be used to solve large sparse syst
equations efficiently. It is now possible to develop implicit fin
volume algorithms and solve many complex equations sim
neously without iterating between various model compon
Modern solvers such asPETSC~Balay et al. 2001! support par
allel processing, and have a variety of built-in tools and option
achieve fast model runs. These solvers are easy to use be
details such as matrix storage methods are hidden from the
The current model uses the software packagePETSC~Balay et al
2001! to solve the matrices.

The most commonly used integrated model in South Flori
the South Florida Water Management Model~SFWMM!
~SFWMD 1999!. This model has been adopted to simulate
gional hydrology and water management practices since th
1970s. It simulates the water resources system from
Okeechobee in the north to Florida Bay in the south, coverin
area of 19,700 km2 with a mesh of 3.22 km by 3.22 km~2 mi by
2 mi! cells. The model simulates the major components of
hydrologic cycle including rainfall, evapotranspiration, overl
and groundwater flows, canal flow, canal seepage, levee se
and well pumping. It incorporates current or proposed water m
agement protocols and operational rules. The success o
model has resulted in an increased demand for its use along
a growth of its size and complexity beyond what was origin
intended. The code gradually became very complex, difficu
understand, improve, and expand. This was the primary f
that motivated the launching of a “new generation” regional s
lation model ~RSM!. Unlike the SFWMM that was written i
FORTRAN, the RSM code is being developed using an OO de
and theC++ language. These choices were made so that the
design can allow for easy modification, growth, and participa
of multiple developers.

The RSM is functionally a combination of a hydrologic sim
lation engine~HSE!, which executes the flow simulations, an
management simulation engine~MSE! that can represent structu

and pump operations. The HSE has been used to simulate flow in
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the Kissimmee River by Lal~1998!, and in the Everglades N
tional Park by Lal et al.~1998!, and Brion et al.~2000, 2001!. The
accuracy of the model was verified using theMODFLOWmodel
and an analytical solution for stream–aquifer interaction~Lal
2001!. This paper describes the model formulation and the o
oriented design of the HSE. This model makes it possible to
integrate the components of the system, and allow for expa
using new hydraulic components, land use types, microhydro
cal features, canals, reservoirs, and other aspects of the s
An error analysis was carried out to determine the relationsh
the numerical error to the size of the triangular cells and the
step. The results of this analysis can be useful in the desi
spatial and temporal discretizations to minimize numerical e

The paper includes an HSE application example that simu
the hydrology in the L-8 basin of South Florida. The L-8 bas
a relatively simple basin in South Florida that has some o
complexities of the regional hydrologic system. Many of th
complexities apply to conditions outside South Florida as w
The results of the simulation example are used to demon
why this approach was chosen to develop the new RSM.

Governing Equations

The governing equations for the integrated overla
groundwater–canal–lake flow system consist of mass balan
continuity equations and equations of motion. For overland
canal flow, noninertia form of the Saint Venant equation is use
the governing equation. All the governing equations writte
conservative form are finally assembled together in the im
implementation of the finite volume method.

Overland and Groundwater Flow

The 2D continuity equation from St Venant equations for
steady overland flow and unsteady saturated groundwater fl
a single layered aquifer can be expressed using

sc

]h

]t
+

]suhd
]x

+
]svhd

]y
− Rrchg+ W= 0 s1d

in which u and v=flow velocities in thex and y directions;h
=water depth for overland flow and saturated aquifer thick
for groundwater flow;Rrchg=net contribution of the recharge fro
local hydrology into the regional system;W=source or sin
terms, for example, due to pumping wells measured in uni
volume rate per unit area or meters per second;sc=storage coe
ficient; andsc=1 for overland flow. The termRrchg is also mea
sured in units of meters per second, and is computed for
cretized cells referred to as pseudocells designed to captu
recharge from local hydrology. A number of pseudo cell mo
are described later.

When inertia terms are neglected, the momentum equatio
duces to the diffusion flow equation. Diffusion flow assumptio
valid for overland flow when inertia terms are small. Akan
Yen ~1981! and Hromadka et al.~1987! and many others hav
used diffusion flow models for many practical applications. Po
et al.~1978! found the condition of applicability for these mod
asTpS0

Îg/h.30 in whichTp=period of the smallest sinusoid
disturbance in the solution;S0=bed slope. Lal~2000! found tha

this condition applies for most regional flows in South Florida
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with Tp.4 days. It can be shown that the momentum equa
under the diffusion flow assumption and the equations descr
Darcy’s law can be written as

u = −
TsHd

h

]H

]x
s2d

v = −
TsHd

h

]H

]y

in which u,v=average flow velocities inx andy directions; and
H=water head. For overland flow,H=h+z; h=water depth;z
=ground elevation. For groundwater flow,h=saturated aquife
thickness;T=transmissivity of the aquifer. For both overland a
groundwater flows,TsHd can be expressed as a function of
state variableH. For single layered groundwater flow,T=khsH
−zbd in which zb=elevation of aquifer bottom; andkh=hydraulic
conductivity of the aquifer. For overland flow,T=CsHduSnul−1 in
which CsHd is defined as the conveyance whereSn=magnitude o
the maximum water surface slope which is approximately e
to Sf, the energy slope under the diffusion flow assumption~Akan
and Yen 1981!. Variablel=an empirical constant described la
The purpose of keeping generic functions forTsHd andCsHd is to
use object oriented design methods and allow for the imple
tation of a variety of flow behaviors. These functions can re
sent constants, analytic functions or lookup tables based on
experiments. Abstract representations ofTsHd and CsHd can be
used to describe complex flow through wetlands. A power f
tion that can describe many flow resistance equations inclu
the Manning equation, the laminar flow equation, and a num
of other wetland equations isVn=s1/nbdhgSn

l, in which Vn

=average flow velocity. This equation can be used to deriv
expression forTsHd as

TsHd =
sH − zdg+1uSnul−1

nb
s3d

in which Sn=MaxsSn,dnd is used whenl,1 to prevent division
by zero atSn=0 andH.z. The discharge per unit width can
described now asqsHd=TsHdS=CsHduSul−1S. The variabledn

=10−13–10−7 is used in the flat terrains of South Florida. A la
value ofdn allows more flat areas of the system to be solved b
approximate form of the Manning equation and prevent inst
ity. Eq. ~3! can also be used in wetlands by selecting the pa
eters suggested by Kadlec and Knight~1996!. For the Manning
equation,g=2/3; l=1/2; andnb=Manning constant. Compr
hensive flow equations for shallow streams have recently
developed by Katul~2002! and Lopez and Garcia~2001!. The
abstract base class forCsHd allows for such functions to be sea
lessly accommodated in to the model.

Canal Flow

The 1D St Venant equations are used to describe gradually v
unsteady canal flow. The continuity equation for canal flow
conservative form is

]Ac

]t
+

]Q

]n
− Rcanal+ W= 0 s4d

in which Ac=cross sectional area of the canal;Q=discharge rate
n=distance along the canal;Rcanal=volume rate at which water
entering the canal due to seepage and other sources pe
length sL2/Td; and W=source and sink terms due to pum

When diffusion flow is assumed and inertia terms are neglected,

JO
t

gravity and friction terms left in the momentum equation g
Q=CsRd /ÎuSnuSn=AcR

2/3/ sÎuSnunbdSn, in which R=hydraulic ra
dius; Sn=water surface slope; andSn=Sf =friction slope as as
sumed by Akan and Yen~1981!. The purpose of writing the equ
tion in this form is to create a generic functionCsRd for
conveyance that is not limited to use the Manning equation.
chargeQ can now be expressed as

Q = − Tc

]Hc

]n
s5d

in which Hc=canal water level;Tc=AcR
2/3/ snb

ÎuSnud; and CsRd
=AcR

2/3/nb when the Manning equation is used. SlopeSn is com-
puted using MaxsSn,dnd with dn=10−13–10−7 as described earlie

Lake Flow

The equation governing mass balance in a lake is

Al

]Hl

]t
− Rlake+ W= 0 s6d

in whichAl =lake area;Hl =water level; andRlake=net volume rat
at which water is entering the lake water body due to leakage
governing equations written in conservative form are used i
implicit implementation of the finite volume method.

Recharge from Local Hydrologic System
The local hydrology in a regional system depends on the
land use type along with all its management practices. Diffe
land use types generate different recharges and therefore di
hydrologic responses. The rechargeRrchg described in Eq.~1!
therefore has to be computed separately for each cell with a
land use type. The computations take into account evapotra
ration ~ET!, rainfall, soil moisture effects, urban detention, lo
drainage effects, agricultural practices, and local manage
practices depending on the land use type. The equation of
balance is used to compute recharge as

Rrchg= P − E + I −
dUs

dt
−

dD

dt
s7d

in which Rrchg=recharge recharge rate~m/s! computed as volum
rate per unit cell area entering into the cell;P=precipitation rate
E=evapotranspiration rate;I =water entering the cell during irr
gation and other similar functions;Us=unsaturated moistu
depth; andD=detention volume converted to depth. The r
dUs/dt anddD/dt if used, depend on infiltration and percolat
rates of the local cell. In the model, these complex computa
are carried out within the pseudocell~object! of each respectiv
cell. Pseudo cells are developed for various land use types
mitting conditions or management practices. More informa
about pseudo cells is provided under the object design.

Implicit Finite Volume Method

Governing equations for overland flow, groundwater flow, c
flow, lake flow, and other types of flow are based on conserv
laws and can be solved using the finite volume method. Eqs~1!,

~4!, and~6! can be written in the form
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]U

]t
+

]FsUd
]x

+
]GsUd

]y
+ SsUd = 0 s8d

in which U=conservative variable representingH, Hc, or Hl; vari-
ablesFsUd andGsUd=thex andy components of flux in 2D flow
andSsUd=−Rrchg+W=summation of source/sink terms. The fin
volume formulation is applied to all 2D, 1D, and lake rela
regional flows. The numerical model is developed for gen
control volumes and is applied to all water bodies on an e
basis regardless of whether they are 2D cells, canal segme
lakes.

The finite volume formulation for the governing Eq.~8! is
derived by integrating it over an arbitrary control volume or w
body V

]

]t
E

V

UdV +E
S

sE · nddA+E
V

SdV = 0 s9d

in which E=fF ,GgT=flux rate across the wall andn=unit vector
normal to the wall. The first term of Eq.~9! represents the rate
change of water volumes in water bodies such as cells,
segments, and lakes. The second term is obtained usin
Gauss’ theorem and contains the sum of fluxes crossing the
trol surfaces of the water bodies. This term contains all flow
changes among the water bodies. Any mechanism that is ca
of moving water between any two water bodies is defined a
abstract water mover. Water bodies and water movers are t
the basic building blocks of the model. They eventually bec
abstract base classes in the OO design. These abstractio
capable of growing and evolving into various model object
the model evolves.

In the model, Eq.~9! is solved for average water headsH, Hc,
or Hl of all the water bodies simultaneously. In the finite volu
formulation, Eq.~9! reduces to the following system of differe
tial equations which is solved simultaneously to simulate th
tegrated system

DAsHd
dH

dt
= QsHd + S s10d

in which H =vector containing the water heads of all 2D ce
canal segments, and lakes together. The first term of Eq.~10! is
derived from the first term of Eq.~9! which is equal to]V /]t in
which V =volumes of water contained in water bodies. In
attempt to describeV as a function ofH, a new functionfsvsHd
referred to as the stage–volume~SV! relationship function is in
troduced. It holds behaviors very important to land surface
tures such as ridges and sloughs of South Florida and he
determine water levels accurately. For each water boi
=1,2, . . . thefunction takes the formVi = fsvsHid. The slope of thi
function is defined as

DAisHid =
]fsvsHid

]Hi
s11d

in which DAisHid=effective plan areas of water bodiesi. For 2D
open water flow, these are the cell areas. For groundwater,
aresc times cell areas.DAsHd in Eq. ~10! is the diagonal matri
whose elementssi , id areDAisHid. The reverse relationship of t
SV relationship is defined asHi = fvssVid. Both forward and re
verse functions are used in the model to conserve mass duri
mapping betweenVi andHi.

The termQsHd of Eq. ~10! gives the net inflow rate to ea
water body due to the action of all the water movers in ve

form. In order to solve this coupled nonlinear system Eq.~10!,
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water mover equations are linearized prior to assembly as a
system of linear equations. The linearized form for any w
mover is

QrsHd = k0 + kiHi + kjHj s12d

in which QrsHd=discharge rate through the water moverr. The
water moverr moves water from water bodyi to water bodyj .
Linearization is performed to determine values ofk0, ki and kj

using partial differentiation or approximate methods depen
on the type of the water mover. They are used to build the r
tance matrixM sHd that can be viewed as a result of the line
ization ofQsHd asQsHd=M sHd ·H. The ordinary differential Eq
~10! with linearizedQsHd are solved using a weighted impli
method. Lal~1998! used the following system of equations
solve Eq.~10!:

fDA − aDtM n+1g · DH = DtfM ng ·Hn + DtfaSn+1 + s1 − adSng

s13d

in which a=time weighting factor, assumed to be in the ra
0.6–0.8 for most integrated models and close to 1.0 when no
earities are severe and the model show signs of instability.
equation takes into account the water balance of all the w
bodies during the time interval between timestn and tn+1. Know-
ing the volumes of waterVsHnd= fsvsHnd at time steptn andDH,
it is possible to computeVn+1 using

Vn+1 = Vn + DA · DH s14d

The new headsHn+1 at time stepn+1 are computed using the S
relationshipHn+1= fvssVn+1d. Heads are used in the model only
compute the hydraulic driving forces in the water movers. Ex
during this conversion, the model equations can be explaine
system of mass balance equations.

When water budgets for the model are needed, the volum

water passing between water bodies,QrsH̄dDt are computed firs

using Eq.~12!. In this expression, the headsH̄ used are defined

be at a timetn+aDt and are computed asH̄ =Hn+aDH. The
water balance in any water bodyi can be verified for accuracy
comparing the change in water volume in the water b
DAisHi

n+1−Hi
nd with the summation of water mover dischar

QrsH̄dDt.

Object Design

The process of abstraction and determining the relationshi
tween abstractions form the basis for OO design. The basi
stractions used in the RSM model include:~1! “water bodies” tha
represent discretized cell elements, canal segments, and
which store water;~2! “water movers” that represent the o
mechanisms to move water between water bodies;~3! “stage–
volume relationship functions” that map between the stages
the volumes in water bodies; and~4! “pseudocells” that captu
the local hydrologic function in the water bodies and com
their recharge. The entire hydrologic system can be decom
into these and other abstract types such as transmissivit
conveyance functionsTsHd andCsHd. Fig. 1 shows some of th
basic building blocks of the model. These abstractions allo
single numerical scheme to be used for the governing equa
describing all flow types.

Abstract data types or classes in the model can be rela

other classes through inheritance. A “subclass” or a “derived
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class” of a water body base class, for example, can be a
cretized overland flow cell, canal segment, or a lake. The
inherit properties of the base class. Inheritance makes it po
to use polymorphism in OO modeling and allows function
behave correctly depending on the object type. Polymorp
also allows water bodies to transform into canals, cells, and
while water movers can transform into canal flow, overland fl
and structure flow. Special methods associated with these o
fill the proper elements in the matrix. Four of the abstract cla
used in the model are described below.

Water Bodies

The water body is the basic abstraction that collects water
servatively. Water body objects represent control volumes o
finite volume method, and provide a protected status for co
vative variables such as water mass and solute mass. Ce
ments, canal segments, and lakes become polymorphic wate
ies. The head of the water body when needed is compute
calling the stage-volume relationship function of the water b
described asHi = fvssVid, i =1,2, . . . . Thefirst terms of Eqs.~9!
and~10! represent change of volume in water bodies. Figs. 1
2 show examples of water bodies. Fig. 3 shows part of a

Fig. 1. Objects used in model

Fig. 2. Examples of water bodies and water mover
JO
-
-

diagram for water bodies which was written using the conven
of Rumbaugh et al.~1991!.

Water Movers

The water mover is the basic abstraction needed to transfer
between any two complex water bodies. It represents the
term in the finite volume method, and transfer flow across co
surfaces as in canal flow, overland flow, and all other kind
flow such as structure flow. By design, they conserve mass.
water movers such as those for overland flow, groundwater
and canal flow are created based on cell and canal netwo
ometry. Water movers such as structure water movers are
as needed using input data. When new structure types are n
they are added only as water movers. All water mover object
placed in object containers to be accessed easily using the11
standard template library features~Stroustrup 2000!. Figs. 1 and 2
show sketches of sample water movers. Fig. 3 shows par
class diagram for water movers. Since only water movers
move water between water bodies, the model can track mas
ance of the system at the highest level of abstraction.

Overland Flow Water Mover
When the water levels are above ground in adjacent cells,
land flow takes place. The discharge in the water moverQr be-
tween two adjacent cells as described in Eq.~12! is computed
using the circumcenter method derived for mixed finite elem
~Lal 1998!

Qr = DlTr

Hm − Hn

Ddmn
Hfor Hm . Hn andHm . zm andHm . zn

or Hn . Hm andHn . zn andHn . zm
J
s15d

in which, Hm,Hn=water levels in triangular cellsm and n; dmn

=distance between circumcenters of trianglesm and n; Dl
=length of the wall;zm,zn=ground elevations of cellsm and n;
andTr =equivalent inter block transmissivity in the overland fl
layer, computed based on the assumption that transmissivit
ies linearly between circumcenters~Goode and Appel 1992; M

Fig. 3. Class diagrams showing basic building blocks of mod
Donald and Harbough 1988!. VariableTr is computed as
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Tr =
Tm + Tn

2
for 0.995ø

Tm

Tn
ø 1.005 s16d

Tr =
Tm − Tn

ln
Tm

Tn

otherwise s17d

Tm and Tn=values for the cells defined in Eq.~2! for overland
flow. Matrix elements filled up by the overland flow water mov
are described in the paper by Lal~1998!.

Groundwater Flow Water Mover
When simulating groundwater flow, transmissivity is assume
constant inside a cell. The discharge in the water moverQr is
computed using

Qr = Dl
Hm − Hn

S lm
Tm

+
ln
Tn
D s18d

in which lm and ln=distances from the circumcenters to the w
andTm andTn=transmissivities described in Eq.~2!.

Canal Flow Water Mover
When simulating canal flow, a linearly varying conveyanc
assumed between canal segments. The equation for dischar
tween two segmentsm andn is the same as Eq.~15!. The value o
Tm, for example, for segmentm is

Tm =
Am

lmÎSnnb

SAm

Pm
D5/3

s19d

in which Am=average canal cross sectional area of segmem;
Pm=average wetted perimeter;nb=average Manning roughne
coefficient; andlm=length of a canal segment. When simula
canal networks, each pair of segments of a canal joint is co
ered as a canal water mover. A canal joint withn limbs hasnsn
−1d /2 canal water movers as a result. All these movers have
considered before populating the matrix. Their summation c
putes the actual discharge.

Canal Seepage Water Mover
Seepage between a canal segment and a cell is described u
canal seepage water mover. The seepage rateql per unit length o
the canal is derived using Darcy’s equation

ql = kmp
DH

d
s20d

in which km=sediment layer conductivity;p=perimeter of the
canal subjected to seepage;d=sediment thickness; andDH
=head drop across the sediment layer.

Canal overbank flow also occurs between a canal segmen
a segment, but only when the cell has overland flow. The w
mover used for this type of exchange is based on a simple b
crested weir.

Structure Flow Water Mover
Linearization of structure equations to fit to the format of Eq.~12!
is not always easy for most of the structures. Consider a stru
whose discharge can be expressed asQs=QssHu,Hd,Gd in which

Hu, Hd=upstream and downstream water levels andG=gate
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opening. One of the simpler methods uses a previous call to
tion QsHu,Hd,Gd to obtain the following approximate lineariz
tion:

QsHu,Hdd =
QsHu

n,Hd
n,Gnd

Hu
n − Hd

n sHu − Hdd s21d

in which the superscriptn represents values from previous ti
steps. This linearization is accurate only in gradually varied
and works for a limited number of cases. Considering thaQs

=QssHu,Hd,Gd can be extremely nonlinear, differential equati
with structure equations can be stiff and difficult to solve with
special methods or small time steps. One and two-dimens
lookup tables and regression equations are also useful in de
ing structure flow.

Stage-Volume Relationships

Stage–volume relationship functions make it possible to use
stage–storage characteristics in integrated models. This fea
useful when the local topography is complex as in the cas
ridge-and-slough formations in the Everglades, or as in the
of special land surface characterizations in agricultural and u
areas. The SV relationships can provide accurate water
when the volume in a water body is known and vice versa. In
case of canals, they are used to obtain the water level whe
canal properties are known. Local topography, storage coeffi
and other geometric information are used in the developme
SV functions for 2D cells. They can be monotonically increa
complex functions or lookup tables based on experimental
Some simple examples offsvsHd are described below.

Stage-Volume Relationship Functionfsv(H) for Cell
with Horizontal Ground Surface
When the ground level is assumed horizontal, the SV relation
for a cell with a single layered aquifer is given by

V = fsvsHd = AscsH − zbd for H , z s22d

V = fsvsHd = Ascsz− zbd + AsH − zd for H ù z s23d

in whichzb=elevation at the bottom of the aquifer;z=elevation o
the ground; andA=cell area.

Inverse Relationship fsv(H) for Cells with Horizontal
Ground Surface
Since the expression for flat ground is linear, Eqs.~22! and ~23!
can be used to obtain the following relationships:

H = fvssVd = z+ HV

A
− scsz− zbdJ for V . Ascsz− zbd s24d

H = fvssVd = zb for V , 0 s25d

H = fvssVd = z+
V

Asc
otherwise s26d

Stage-Volume Relationshipfsv(H) for Canal Segment
with Rectangular Section
For a canal with a rectangular cross section, the relationshi
V = fsvsHd = 0 for H , zc s27d
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V = fsvsHd = BLsH − zcd for H ù zc s28d

in which zc=elevation of canal bottom;L=length of canal seg
ment; andB=canal width. The inverse relationships of mos
the functions are complex and are not described here.

Pseudocells

The hydrologic system of South Florida covers areas with m
types of land use. Most areas along the east coast are h
urbanized, while some of the areas in the south are natura
wetland type. Areas south of Lake Okeechobee are mostly
cultural. Pseudocells are used to separate the complexities
unsaturated subsurface flow accounting, irrigation pract
urban detention, and routing practices of the natural and man
systems from the regional system. Contribution of recharge
the local system to the regional system is computed usin
mass balance condition given in Eq.~7!. Pseudocells contain sto
age, routing, and simple management based interchange m
nisms to simulate infiltration, percolation, seepage, and u
drainage among other things. TheAFSIRS model ~Smajstria
1990!, CASCADEmodel ~SFWMD 2001!, NAM model ~DHI
1998!, and a few other models are available as pseudocell m
for HSE. The simplest pseudocell is one for open water wher
equation for recharge Eq.~7! becomes

R= P − E s29d

Boundary Conditions

When solving 1D and 2D diffusion flow equations, only o
boundary condition of discharge type or water level typ
needed at each boundary. General head, uniform flow, and lo
table type boundary conditions are very useful with diffus
flow. These and other 2D boundary condition types are desc
in the paper by Lal~1998!.

Some of the boundary conditions are simple enough that
can be applied to general water bodies. The flow boundary
dition for a water body is one of them. It specifies the flow rat
a water body as

Qistd = QBstd s30d

in which Qistd=inflow rate to water bodyi andQBstd=specified
inflow rate. Similarly, the head boundary condition for a w
body states that the water level can be assigned to a co
value or a time series value. For a water bodyi, it is stated as

Histd = HBstd s31d

in which Histd=head at water bodyi at time t and HBstd
=assigned value. One problem of the head boundary con
~BC! is that it reorganizes the entire matrix and resets data i
contributing water movers, ruining the ability to compute w
budgets. To avoid this, the head boundary condition can b
plied to cell walls instead of cells and canal joints instead of c
segments. To apply a head BC at a cell wall, a certain dischaqi

is added to the celli to bring about a change in wall head toHBstd.
The discharge added is

qi =
TsHdl

lc
sHBstd − Hid s32d

in which TsHd=transmissivity;Hi =cell head;l =wall length; and

lc=distance from the wall to the circumcenter. The general head

JO
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t

boundary condition is also useful under certain groundwater
ditions. It is described using the equation

qi = KGlsHBstd − Hwd s33d

in which KG=specified conductance value in m/s; andHw=wall
boundary head. The uniform flow boundary condition is sim
and relates slope to flow rateqi as

qi = TsHdSb s34d

in which Sb=slope of uniform flow associated with the wa
body.

Operation of Structures and Pumps

Some structures and pumps in the model are operated to a
certain performance goals in the hydrologic system. The o
tions are based on rules assigned by water managers. Some
operations are manual and others are automatic. Some oper
rules are very complex because they have evolved over
based on historic events, human needs, and prior experien
the water managers. The complex operational rules and lo
directives applied to the structures and pumps are implemen
on/off type or proportional type functions on structures
pumps.

The purpose of operating structures and pumps is to achi
desired performance in the system at the desired time. Som
formances and conditions are mandated by legislation. A nu
of the performance measures used for South Florida are des
in a comprehensive review study report~USACOE 1999!. Cur-
rently many of the operations are rule based, and not neces
optimal. However optimization can be used in the future to d
mine decision variables in the system. The methods availab
cludenonlinear optimization methods~Brdys and Ulanicki 1994!,
optimal control methods~Gelb 1974!, linear programmin
~Loucks et al. 1981!, and optimization by simulation. These me
ods are built into the MSE section of the model. The meth
currently used are described in the South Florida Water Man
ment Model documentation~SFWMD 2001!.

Water Budgets

In a compartmentalized landscape such as South Florida,
mination of the water budget within a hydrologic basin or a c
partment can be very important for many water managers. W
bodies and water movers are ideally suited to carry out w
budgetcomputations because they track the volume of wate
tained in and passing through them using the abstract base
design. Each water body has an attached list of water mover
can report the discharges. The discharge computation fo
water movers is carried out using Eq.~12! and the updated valu
of head andk. Volume changes are calculated using Eq.~14!. An
example showing the water budgets of two arbitrary water bo
is presented in Table 1. In the table, the lists of water mo
attached to each water body, and the discharges in them
shown.

Model Errors

Even if mass balance errors in the finite volume method are
as shown in Table 1, other computational errors can be
depending on the discretization. Improper selection of spatia
temporal discretizations can make a model implementation

fective in producing solutions of certain necessary scales. Recent
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studies show that proper discretization can be based on rule
rived using analytical equations for numerical error~Lal 2000!.
These rules, along with rules regarding the applicability of
approximations of St. Venant equations, and rules to control
linear instability are important in making sure that solution
integrated models are accurate.

Numerical error analysis methods are presented partly to
onstrate their use in model verification, and partly to demons
how to control model errors. A numerical experiment is car
out using a sinusoidal boundary disturbance in a 2D groundw
model domain to demonstrate that numerical errors of the m
agree with the analytical estimates. The experiment is also us
demonstrates how to calculate numerical errors for a model
spatial and temporal discretizations are known. Dimensio
spatial discretizationf=kÎDA is defined for triangles instead
f=kDx for rectangles in whichk=wave number of the distu
bance andDA=cell area. For the experiment, a confined grou
water domain is created in a 10310 km area and populated w
3,200 approximately isometric triangles. A 1D sinusoidal h
disturbance is then introduced into one of the boundaries
water heads at different distances away from the wall are
monitored over long periods. The heads are compared wit
analytical estimate to obtain observed errors in the amplitude
observed errors are also compared with analytical error estim
~Lal 2000!.

To demonstrate analytical error estimation, the analytical s
tion for 1D groundwater flow is first expressed as

Hsx,td = Hoe
−kx sinsft − kxd s35d

in which f =angular velocity or angular frequency of the bou
ary disturbance defined as 2p /Tp srad/sd; Tp=period of the dis
turbance;Ho=amplitude of the disturbance;x=distance from th
boundary; andk=Îfsc/ s2Td. The analytical solution for the n

Table 1. Sample Water Budgets for Two Water Bodies on Decembe
1992 in m3/day

Water body Attached water movers Inflow volum

Cell 192 Overland from cell 191 0.00

Overland from cell 94 0.00

Groundwater from cell 191 6.56

Groundwater from cell 193 3,178.24

Groundwater from cell 94 −44.39

Seepage from segment 10008 −4,722.00

Change in storage −1,268.68

Mass balance error 2.2310−5

Segment 10008 Flow from segment 10007 −63,347.4

Flow from segment 10009 51,222.50

Flow in weir 0.00

Flow in bleeder 0.00

Overbank flow from cell 191 6,436.07

Seepage from cell 191 4,722.06

Seepage from cell 96 65.60

Seepage from cell 94 35.96

Seepage from cell 95 13.61

Change in storage −861.50

Mass balance error −8.3310−5
merical error for this problem is~Lal 2000!
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«Tsxd =
k«

bf2x =
2k«

c
x s36d

in which «Tsxd=maximum error over the duration as a fraction
the amplitude at a distancex; Dt=time step;c= fDt=s2p /TpdDt
=dimensionless time step; and«=maximum error per time step
a fraction ofthe amplitude;b=T Dt / sscDAd in which b=usefu
dimensionless parameter which has to be less than 0.5 fo
stability of the explicit method when solving the 1D groundw
flow equation. It can be shown by substitution thatb=c / s2f2d
for this problem. Analytical values of« ~or «anal! can be obtaine
as a function ofb andc or f andc ~Lal 2000!. Fig. 5 is a contou
plot of the latter.

In order to show that analytical estimates of numerical e
«anal compare well with measured model error«obs, values of«obs

are obtained first. To do this,«Tsxd of Eq. ~36! are plotted again
x for a number of model runs and Eq.~36! is fitted to determin
the slope. Fig. 4 shows one such plot when the periodTp=8.6 h
or f =2p /Tp=2.029310−4 s−1, Dt=30 min, ÎDA=152 m for
themesh,T=20.0 m2/s ~for an arbitrary porous medium!, andsc

=0.2 confirming that the error behavior is linear as shown in

Fig. 5. Contours of« ~%! againstf andc

Fig. 4. Variation of percentage error with distance
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~36!. Using the slope of the graph 2k« /c=8.65310−5, the value
of «obs can be obtained as 1.53% usingk=Îfsc/ s2Td=0.001007
andc=0.365. The analytical value«anal=1.57% can be obtaine
using the method by Lal~2000! or Fig. 5 with f=kÎDA=0.153
andc=0.365. The observed value of«obs for the model shown a
a dot in Fig. 5 compares well with the analytical values in c
tours. Table 2 shows the summary of the model runs show
Fig. 5.

The analytical values of«anal in Fig. 5 can be used to pred
model errors in any future model when the cell sizeDA and the
time step are known, and when the stress comes from a s
forcing function. To derive an equation for maximum abso
error «abs in the domain in units of length, Eqs.~35! and~36! can
be used

«abs=
2H0«

ec
s37d

wheree=2.718. The maximum error is negative, and occurs
distancex=1/k from the boundary during the peak and the tro
of the cycle. The steps involved in computing the error are~1!
computef =2p /Tp knowing the period of the water level distu
bance;~2! computec= fDt; ~3! computek=Îfsc/ s2Td; ~4! com-
putef=kÎDA; ~5! use Fig. 5 to read« for the f andc; and ~6!
compute«abs using Eq.~37!. For the problem withTp=8.6 h de
scribed earlier, the error is 2.030.0157/s2.71830.365d=3.2% of
the disturbing amplitude according to Eq.~37!. If this error is too
large, finer discretizations have to be selected.

Model Verification and Applications

The computational methods used in the RSM model have
verified in the past using a number of methods~Lal 1998!. The
most rigorous verification of the model was carried out usin
analytical solution for the problem of stream–aquifer interact
~Lal 2001!. In the test, sinusoidal water level disturbances
varying frequency were used to disturb a canal interacting wi
aquifer. The decay and the delay of the solution for water leve
the system were obtained using the model and the anal
method. The results of the test plotted using dimensionless
ables show that the numerical solution agrees with the anal
result. The error analysis described in the previous section is
useful as a verification method.

The earliest application of theFORTRANversion of the mode
with 2D overland and groundwater capabilities was on the K
immee River~Lal 1998!. The C++ version of the model with 2
capabilities was used to simulate flows in the Everglades Nat
Park by Lal et al.~1998!. The current application uses the fu
integrated model in C++. The L-8 basin of South Florida
selected to demonstrate the complexity of the problem, w
keeping the presentation simple. Many of the hydrologic com
nents and issues related to the L-8 basin are typical for S
Florida. Although it is usually not easy to isolate individual ba

Table 2. Model Runs Used in Comparison of Analytical and Obser

Tp Dt T sm2/sd k sm−1d

8.6 h 0.5 h 20.0 0.00101

8.6 h 0.5 h 2.0 0.00318

5.1 h 0.5 h 20.0 0.00131

20.0 days 1.0 day 2.0 0.00043
in the South Florida hydrologic system, the L-8 basin is relatively

JO
isolated and therefore somewhat easy to study. Fig. 6 shows
map of the L-8 basin. The details listed below will demonst
how even the simplest basins can have a large amount of c
information to consider. As it can be seen, many of the comp
ties are due to human influences.

Brief Description of L-8 Application

The L-8 basin is located within an area approximately 100
3100 km in size, near the northern boundary of Palm B
County, Fla. It is delineated by artificial levees, and consis
natural, agricultural, and urban areas adjacent to each othe
basin is bounded by the L-8 canal and the M-canals on the s
the Pratt and Whittney Complex and the Indian Trail Drain
District on the east, and the Lake Okeechobee on the we
includes the Corbett and Dupuis Wildlife areas to the north,
of the Village of Royal Palm Beach~VRPB! to the east, an agr
cultural area covering citrus to the south, and an agricultural
to the north. Water supply needs of the system include the
cultural demand in the north drawn from the L-8 canal, irriga
withdrawals along the M-canal and water withdrawals from
canal for the City of Palm Beach Utilities Department. Eastw
water movement along the M-0 canal is due to the pump st
on the canal. The capacity of the L-8 canal is about 14 m3/s when
its water level is about 4.6 m above sea level. The capacity o
M-canal is about 8.5 m3/s. The M-1 canal drains some of t
water in the Village of Royal Palm Beach to C-51 canal.

The L-8 canal is connected to Lake Okeechobee at cu
S10-A at the north end. During the simulation period, excess
off from L-8 is routed to the lake by gravity during flooding.
the southern end, L-8 is connected to the structure complex
which is capable of sending water to the south, L-8 canal, o

rors

c b «anal ~%! «obs ~%!

153 0.365 7.791 1.53 1.

84 0.365 0.779 1.81 1.

199 0.616 7.791 4.1 9.

.0648 0.314 37.39 1.13 1

Fig. 6. Site map of L-8 basin
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C-51 canal depending on a number of conditions. The mode
a head boundary condition at culvert S10-A and a disch
boundary condition near the structure S5-A. The L-8 canal an
the other canals are fully integrated with the 2D flow dom
except near S5-A where the canal runs by itself. Most of the
domain covered in the model is assumed to have no-flow bo
aries. The boundary condition near the agricultural area sou
S10-A is a constant wall head boundary set to 4.3 m.

A number of levees restrict overland flow in the basin.
levee along the L-8 canal is the most prominent, and prev
water in the Dupuis and Corbett wildlife areas from directly
tering into the L-8 canal. There are four water control struct
and bleeders located in the levee to maintain the water lev
the 5.2–5.8 m range and release the excess to L-8. A se
levee, marked as FPL road on the map, runs from north to S
between the Dupuis and Corbett areas preventing overland
between them. A third levee prevents overland flow from
northeastern quarter entering the VRPB except through a c
structure. The remaining canal sections in the southwestern
ter are assumed to be without levees and are therefore sub
to both stream–aquifer and stream–overland flow interaction

The operation of the 292 ha impoundment by the Indian
Water Conservation District~ITWCD! is used to demonstrate ho
one of the water management operations is simulated in
model. The impoundment is used during floods to maintain
water levels in areas draining to M-0 canal. The ITWCD oper
pumps sending water into the impoundment when the flood l
at the M-0 canal exceed critical levels. The pump capaci
31 m3/s. The outflow from the impoundment passes thro
three outflow structures with 1.4 m discharge pipes and a 6
invert elevation. The discharges in the pumps can be char
ized approximately using a 1D lookup table in XML similar to
following. The following is also a self explanatory example of
use of XML in data entry.
^single Icontrol wmID=“3” id1=“10034” id2=“354”

control=“10034” revflow=“yes”
label=“Pump at the impoundment” &

5.0 0.0

5.1 6.3

5.3 12.6

5.9 12.6

6.1 31.0

k/single Icontrol l
The lookup table moves water from a water body with

=10034 which is the canal segment in M-0 to water body
ID=354 which is a cell in the impoundment. Pumping is c
trolled by water level in the water body 10034. When the w
level of the control is 5.9 m, the discharge rate is 25.2 m3/s as
shown in the lookup table. The identification tag of the w
mover is 3, which is used when assigning an operational l
The operational logic is written at a separate section of the m
called the management simulation engine not described her

The total simulation period used is between 1992 and 1
while 1994 is used for calibration. The time step selected is 1
because of data availability. The area is discretized using 1
cells and 49 canal segments. Figs. 6 and 7 show the discr
tions. Daily rainfall and potential evapotranspiration are prov
to the model in a 3.2233.22 km square mesh. The first se
months of the simulation are used for initialization. Fig. 7 sh
the water levels and the water velocity vectors one year afte

simulation has begun. The figure shows the drainage patterns in
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the L-8 basin and the confluence of flow into the area wher
structures are located. The flow is prevented from moving
Dupuis because of the levee between Dupuis and Corbett.
shows water levels at gages marked DUPUIS1 and DUPUI
the northern part of the basin. Fig. 9 shows that water levels i
basin very close to the canal are influenced by the canal le
The correlation coefficients for DUPUIS1-4 gages calculated
cording to Flavelle~1992! are 0.80, 0.81, 0.85, and 0.88 and
standard error estimates are 0.03, 0.03, 0.15, and 0.13 m, r
tively. All the water levels indicate that the model is capabl
representing the system reasonably under the natural stres
the rain and imposed stresses of the L-8 canal. Fig. 10 show
simulated and computed discharges in the L-8 canal for the
period.

The finite volume method and the object oriented code de
are responsible for some of the water budget functions o
code. These capabilities are illustrated using water budgets o
water bodies for one day of the simulation period. Table 2 sh
the water budgets of cell 192 and segment 10008 on Dece
31, 1992.

Fig. 7. Water levels and flow velocities of L-8 in January, 199

Fig. 8. Water levels in Dupuis gages 1 and 2
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Current and Future Applications

One of the functions of RSM in South Florida is to serve a
regional hydrologic model. Since RSM provides support to
commodate complex site-specific conditions using features
as pseudocells, SV relations, transmisivity functions, and con
ance functions, it is possible to design many complex mode
plications without making code changes. Scientists familiar
complex local conditions and management rules can de
pseudo cell model objects describing local agricultural pract
permitted rules and other informations. Current areas of app
tion of the model include the Water Conservation Area 1~16,292
cells!, South West Florida~40,000 cells!, Loxahatchee River wa
tershed~7,247 cells!, Welter~2002!, Southern Everglades~52,817
cells! in Florida, the Kala-Oya basin in Sri Lanka~3,200 cells!,
Lal et al. ~2004!, and the South Florida Regional Simulat
Model ~SFRSM!.

Fig. 9. Water levels in Dupuis gages 3 and 4

Fig. 10. Discharges at S-10A
JO
Summary and Conclusions

An implicit finite volume method, a high-speed sparse solver
the object oriented design approach contributed to the dev
ment of a fully integrated regional hydrologic model. A numbe
abstractions such as the water body, water mover, SV rela
ship, and pseudocells were used to accommodate the co
hydrologic features of the system seamlessly into one si
computational algorithm. An object oriented design provide
unlimited capability for the model to expand. The implicit met
helped to make it stable.

The model was applied to a small but complex hydrol
basin in South Florida to demonstrate how different hydrol
components with different land use types could be incorpo
into one model application. Results show that the model is
pable of simulating the water levels and discharges observ
the field. Results also show that the model can provide cons
water budget information for model components.

The limited error analysis shows that the numerical erro
the model results agree with the error estimates computed
analytical methods developed by Lal~2000!. Analytical estimate
of numerical error are extremely useful in designing suit
model discretizations with known numerical error limits.
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Notation

The following symbols were used in this paper:
Ac 5 cross sectional area of canal;
Al 5 lake area;
B 5 width of canal segment;

CsHd 5 conveyance of overland flow;
f 5 frequency~rad/s!;

fsvsHd 5 stage–volume relationship function converting
head to volume;

H 5 water head;
Hn 5 heads of water bodies at time stepn;

k 5 wave number defined as 2p /wavelength;
M 5 resistance matrix;
nb 5 Manning coefficient;
R 5 hydraulic radius of canal;

Rrchg 5 net contribution to recharge from local hydrology
to regional system;

S 5 water surface slope;
sc 5 storage coefficient of soil;

TsHd 5 transmissivity of aquifer;
t 5 time;

U,F,G 5 conservative variables in equations of mass
balance;

V 5 volumes of water contained in water bodies;
W 5 source and sink terms in continuity equation;
x,y 5 Cartesian coordinates;
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zm 5 ground elevation of cellm;
a 5 time weighting factor; and

DA 5 diagonal matrix of effective areas.
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